Background. To determine the effect of vasovagally mediated syncope on the cerebral circulation, transcranial Doppler sonography was used to assess changes in cerebral blood flow velocity during head-upright tilt-induced syncope.
Syncope, the sudden, transient loss of consciousness and postural tone, is a common medical problem accounting for 3% of all emergency department visits each year and 6% of all hospital admissions.' Transient hypotension and bradycardia of vasovagal origin are believed to be common causes of syncope. 2 Although incompletely understood, these vasovagal episodes are thought to be triggered by increased afferent neural traffic arising from accentuated ventricular and aortopulmonary mechanoreceptor activities. [3] [4] [5] Mechanoreceptor activation is thought to be the consequence of a rapid reduction in ventricular volume accompanied by an increase in ventricular rhage.5 '6 In both vasovagal syncope and severe hemorrhage, hypotension occurs secondary to increased peripheral vascular dilation and bradycardia, possibly secondary to accentuated efferent parasympathetic tone (although the exact neural mechanism of the dilation is unknown).7'8 A number of reports have indicated that head-upright body tilt may be useful in unmasking susceptibility to vasovagally mediated hypotension and bradycardia in patients with unexplained syncopal episodes. [9] [10] [11] In addition, the technique has been used to assess the efficacy of prophylactic therapy used to diminish the frequency of syncopal episodes. 12 The effect of vasovagal syncope on cerebral blood flow, both before and during loss of consciousness, has been largely unexplored. Measurement of cerebral blood flow velocity by means of transcranial Doppler sonography has emerged as a reliable technique for assessing both blood flow and cerebral vasore- activity.13,14 Therefore, to determine the effect of vasovagally mediated syncope on the cerebral circulation, transcranial Doppler sonography was used to assess cerebral blood flow velocity during headupright tilt-induced syncope in patients with unexplained syncope.
Methods
Thirty consecutive patients with a history of recurrent syncope of unknown origin who were tested with head-upright body tilt were included in the study. Syncope was defined as an abrupt, transient loss of Initial, velocity at initial head-up tilt; % A, percent change from initial tilt to tilt-induced syncope expressed as an absolute number; pulsatility index, systolic velocity minus diastolic velocity divided by mean velocity; resistance index, systolic velocity minus diastolic velocity divided by systolic velocity. consciousness with inability to maintain postural tone. There were 13 female patients and 17 male patients with a mean age of 43±22 years (age range, 14-80 years). Patients were included in the study if they had had at least two episodes of syncope during the preceding 6 months, the cause of which remained undetermined despite a complete history and physical examination, 12-lead electrocardiogram, ambulatory electrocardiographic monitoring, exercise tolerance test, echocardiography, and complete neurological examination that included an electroencephalogram and computed axial tomography. Sixteen patients also underwent magnetic resonance imaging. In addition, 12 patients underwent coronary angiography, and seven patients underwent electrophysiological study. The details of these latter studies are described elsewhere'5 but included sinus cycle length and basic intracardiac conduction intervals (AH and HV intervals), incremental atrial pacing for the estimation of the maximal and corrected sinus node recovery times and antegrade atrioventricular nodal block rate, atrial extrastimulus testing for the estimation of atrial and atrioventricular nodal refractory periods, and susceptibility to inducible ventricular tachyarrhythmias using as many as three ventricular extrastimuli at three pacing cycle lengths at two ventricular sites (apex and outflow tract).
The tilt-table test was performed in the fasting state. All cardioactive medications had been discontinued at least five half-lives before the study. Patients were connected to a standard electrocardiographic monitor for continuous evaluation of heart rate and rhythm. A standard sphygmomanometer was used for blood pressure measurement. Respiratory rate was monitored every 3 minutes by direct observation. Blood flow velocity of the middle cerebral artery was continuously monitored at a mean depth of 55 mm via the transtemporal approach with a 2-MHz pulsed wave transcranial Doppler apparatus (Medasonics Inc., Mountain View, Calif.). Middle cerebral artery systolic velocity (Vs), diastolic velocity (Vd), ratio of systolic to diastolic velocity (Vs/Vd), and Gosling's pulsatility index (PI=Vs-Vd/Vmean) were continuously recorded. Spectral analysis waveforms were measured both in the supine baseline state and with hypercapnia and hypocapnia induced by hypoventilation or hyperventilation, respectively, until there was a change in the measured velocity flow indicative of vasodilation or vasoconstriction. After baseline measurement of heart rate and blood pressure, each patient was positioned at an angle 80°from horizontal for as long as 30 minutes on a tilt-table with a footboard made for weight bearing. Blood pressure measurements were performed every 3 minutes until the onset of symptoms, a marked decrease in blood pressure, or a change in the transcranial Doppler waveform and then were performed every 30 seconds. Electrocardiographic monitoring was done continuously. If syncope developed during the tilt, the table was rapidly lowered to the supine position, and the study was halted. If no syncope occurred during the initial tilt, the patient was lowered to the supine position for 5 minutes, and an intravenous isoproterenol infusion was started at a rate of 1 gg/min. Head-upright tilt testing was then performed as previously done for a period of 30 minutes. If negative, the patient was returned to the supine position, the isoproterenol infusion was increased to 2 gag/min, and retilt was performed. If no syncope occurred, the isoproterenol infusion was increased to 3 gg/min and retilt was performed. One patient required a rate of 4 jgg/min. A positive result was defined as syncope associated with bradycardia, hypotension, or both. Arterial blood gases for Pco2 were obtained in five patients at both pretilt supine and syncope. Six volunteers without a history of syncope served as controls (five men and one woman, mean age, 36±3 years) and underwent head-upright tilt-table testing in both the baseline state and with isoproterenol provocation along with transcranial blood flow measurements.
Statistical Analysis
Statistical analysis was used to determine the effect of head-upright tilt-table testing on cerebral blood flow velocity and document the response of patients during episodes of head-upright tilt-induced syncope.
Values for systolic velocity, diastolic velocity, mean velocity, and pulsatility and resistance indexes were compared using the paired t test to determine if there was a significant change in cerebral blood flow velocity during the initial head-upright tilt and episodes of tilt-induced syncope. All study results are expressed as mean-±SD, and ap value of less than 0.05 was used to determine statistical significance.
Results
Of the 30 patients studied, 25 had no evidence of organic heart disease. Three patients had ischemic heart disease, and two had mitral valve prolapse. The resting electrocardiogram was normal in 26 patients, showed an old myocardial infarction pattern in three patients, and showed a bundle branch block pattern in one patient. Cardiac catheterization was normal in 10 patients and showed a complete right coronary artery occlusion in one patient and a complete circumflex coronary artery occlusion in one patient. Electrophysiological study was normal in all seven patients who underwent this study.
Response to Tilt- Table Testing In response to the head-upright tilt- 10 .5+4 minutes), three patients during the 3-gg/min infusion (mean standing time, 5+2 minutes), and one patient during a 4-,gg/min infusion (standing time, 6 minutes). Each patient felt that the tilt-induced syncopal episode was identical to syncopal episodes experienced clinically. The remaining 10 patients and controls continued to be asymptomatic.
Transcranial Doppler Flow Studies
All patients demonstrated normal Doppler flow velocities in the middle cerebral artery in the baseline supine state (Table 2) . Hyperventilation caused a nonsignificant mean decrease in middle cerebral artery velocity of no more than 5+±3%, and hypoventilation resulted in a nonsignificant mean increment of no more than 6+±4%.
In all 20 patients with upright tilt-induced syncope concomitant with the development of hypotension, bradycardia, or presyncopal symptoms, the transcranial Doppler waveform analysis revealed a 75+17% decrease in diastolic velocity, an unchanged systolic velocity, a 46+17% decrease in mean velocity, a 295 ± 227% increase in pulsatility index, and a 73+34% increase in resistance index. The average mean arterial pressure at which these changes were first seen was 57±15 mm Hg (Table 1) . After immediate placement in the supine position and despite the return of blood pressure and heart rate to normal levels as well as the return of consciousness, the transcranial blood flow continued to demonstrate an unchanged systolic and decreased diastolic flow pattern for 1-2 seconds afterward followed by a vasodilation pattern (see Figure 1 ). This sequence of trans-cranial Doppler flow patterns is suggestive of increased cerebrovascular resistance secondary to arteriolar vasoconstriction distal to the point of insonation in the middle cerebral artery. This vasoconstrictive pattern occurred with hypotension and persisted despite blood pressures as low as 60/0 mm Hg. Transcranial Doppler flow studies performed on the same patients during subsequent head-upright tilt testing (while on pharmacological therapy to prevent syncope) did not demonstrate any alteration in transcranial blood flow velocity pattern. Both patients who did not experience syncope during the initial headupright tilt and control subjects had no significant alterations in cerebral blood flow patterns. In the five patients with upright tilt-induced syncope who had arterial Pco2 determinations made, there were no significant changes during symptoms (mean Pco2 at baseline, 39+1; Pco2 at symptoms, 39+1).
Discussion
Vasovagally mediated hypotension and bradycardia are thought to be frequent causes of symptoms in patients with recurrent syncope of unknown cause.2 Normally, cerebral blood flow remains constant over a wide range of variations in systemic blood pressure and is maintained at arterial pressures as low as 50 mm Hg. 16 Cerebrovascular autoregulation occurs at the arteriolar level when the arterial pressure changes: Cerebral arterioles dilate when the pressure decreases and constrict when it increases. 17 The principal finding in the present study was the demonstration that transcranial Doppler flow velocities of the middle cerebral artery during upright tiltinduced syncope show a paradoxic vasoconstrictivetype pattern in the face of decreasing blood pressure. This finding suggests that changes in cerebral vessel caliber (arteriolar vasoconstriction) and in cerebral vascular resistance may play an important contributory role in vasovagally mediated syncope.
The pathophysiological mechanisms of vasovagally mediated hypotension and bradycardia are incompletely understood. In normal individuals, the assumption of upright posture causes an increase in venous pooling that is compensated for by a reflex increase in heart rate and concomitant peripheral vasoconstriction.9 However, a sudden rapid decrease in venous return to the heart may result in very vigorous ventricular contractions that activate mechanoreceptors (C fibers) located in the base of both the left and right ventricles.18 This sudden increase in neural traffic with subsequent baroreceptor unloading results in inhibition of baroreceptor-mediated vasoconstriction and further hypotension. 19 The upright tilt-table test is used to provoke syncope in susceptible individuals by initiating the aforementioned reflexes by maximal venous pooling and is a reasonably sensitive and specific technique for reproducing vasovagal syncope.9-12 Recent studies have shown that heart rate and blood pressure increase before loss of consciousness, suggesting a transient premonitory increase in sympathoadrenal activity before vasovagal syncope.20 This has been supported by the observation that susceptibility to vasovagal syncope during upright tilt can be facilitated by low-level isoproterenol infusions. 10 Transcranial Doppler ultrasonography is a new technique for noninvasive assessment of the intracranial cerebral circulation.13 Current devices allow measurement of blood flow velocity in cerebral arteries by means of a pulsed range-gated probe that emits a 2-MHz ultrasonic signal focused by a plastic lens.14 Given the emitted frequency of the signal received from erythrocytes coursing through the middle cerebral arteries, the transcranial Doppler uses the Doppler shift principle to determine the velocity of blood flow. A waveform represents the spectral analysis of the velocities obtained during the cardiac cycle.2' The mean velocity is calculated as well as the pulsatility index (PI= [systolic velocitydiastolic velocity]/mean velocity) and the resistance index, both indicators of vascular resistance. 22 The pulsatility and resistance indexes increase with arteriolar vasoconstriction and decrease with arteriolar vasodilation. Analysis of the pulsatility and resistance indexes together with the ratio of systolic to diastolic velocity has a reported specificity of 98-100% in the diagnosis of cerebral vasospasm.23 24 Recently, transcranial Doppler has been shown to be an accurate assessment of cerebral blood flow.25 In studies with both animals and humans, isoproterenol has been found to have no effect on cerebral blood flow. 26, 27 It has also been recently demonstrated that alterations in cardiac output do not have an effect on cerebral blood flow. 28 Using transcranial Doppler sonography, we demonstrated evidence for a paradoxic vasoconstriction that occurred just before loss of consciousness in all 20 patients who had head-upright tilt-induced vasovagal syncope. This pattern was not seen in the 10 patients who had initial negative tilt tests or in the six control subjects and was not seen during subsequent tilt-table tests in the 20 initially positive patients once adequate pharmacological therapy to prevent syncope had been initiated.
There were several potential limitations in our study. Transcranial Doppler recording of the middle cerebral artery is an accurate method of assessing cerebral blood flow velocity and resistance changes, provided the middle cerebral artery diameter remains constant. A number of studies have shown that changes in the middle cerebral artery itself are quite small (less than 10-15%) and negligible compared with those of the cerebral arterioles. 29, 30 Although the increase in cerebrovascular resistance seen here may have been a result of causes other than arteriolar vasoconstriction, such as a transient increase in intracranial pressure or increased venous pressure, it appears unlikely that these occurred in this setting. Alterations in carbon dioxide levels (Pco2) may have influenced results; however, neither hyperventilation or hypoventilation occurred during tilt in any subject, nor did voluntary hyperventilation or hypoventilation before tilt cause significant changes in velocity. In the five patients in whom Pco2 was measured, there were no significant changes noted.
These data suggest that abnormal baroreceptor responses triggered during vasovagal syncope result in a derangement of cerebral autoregulation with paradoxic vasoconstriction in the face of increasing hypotension. A recent experimental study demonstrated a similar paradoxic cerebral vasoconstriction in the face of sudden hypotension induced by trimethophan. 31 The hemodynamic effects of cerebral vasoconstriction are similar to those of a stenosis, producing both an increase in blood flow velocity and a loss of pressure through the narrowed segment.32 It is this sudden vasoconstriction that appears to herald and possibly contribute to syncope. This arteriolar vasoconstriction may represent the product of exaggerated reflexes that are often modulated, augmented, or made manifest by underlying hemodynamic disorders such as hypovolemia, venous pooling, or vigorous contraction of a nearly empty left ventricle.
